Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
Soft inertial microfluidics for high throughput separation of bacteria from human blood cells

Permalink
https://escholarship.org/uc/item/5903781j

Author
Wu, Zhigang

Publication Date
2009-03-20

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5q03781j
https://escholarship.org
http://www.cdlib.org/

Soft inertial microfluidics for high throughput separation

of bacteria from human blood cells

Zhigang WJ', Ben Willing?, Joakim Bjerketorp Janet K. Janssohand Klas Hjort

"Microsystem Technology, Department of EngineerinigiSce, Uppsala University, Box 534, The

Angstrom Laboratory, 751 21, Uppsala, Sweden

“Department of Microbiology, Swedish University ofiicultural Sciences, Box 7025,

750 07 Uppsala, Sweden

3Ecology Department, Earth Sciesdivision, Lawrence Berkeley National Laboratory, Berkeley, CA,

94720

" To whom correspondence should be addressed (Zh\yar@angstrom.uu.se)



Abstract

We developed a new approach to separate bactemaHuman blood cells based on soft
inertial force induced migration with flow definedrved and focused sample flow inside
a microfluidic device. This approach relies on anbmation of an asymmetrical sheath
flow and proper channel geometry to generate aiseftial force on the sample fluid in
the curved and focused sample flow segment to atelfieger particles away while the
smaller ones are kept on or near the original fgireamline. The curved and focused
sample flow and inertial effect were visualized aretified using a fluorescent dye
primed in the device. First the particle behavieais studied in detail using 9.9 and 1.0
um particles with a polymer-based prototype. Th&tgiype device is compact with an
active size of 3 mf The soft inertial effect and deflection distamoere proportional to
the fluid Reynolds numbeiR€) and particle Reynolds numbeRd,), respectively. We
successfully demonstrated separation of bactdtsghérichia coli) from human red
blood cells at high cell concentrations (above /hfL), using a sample flow rate of up to
18 pL/min. This resulted in at least a 300-foldi@mment of bacteria at a wide range of
flow rates with a controlled flow spreading. Th@aeted cells were proven to be viable.
Proteins from fractions before and after cell sapan were analyzed by gel
electrophoresis and staining to verify the remavated blood cell proteins from the
bacterial cell fraction. This novel microfluidic gmess is robust, reproducible, simple to
perform, and has a high throughput compared tor atéke sorting systems. Microfluidic
systems based on these principles could easily draufactured for clinical laboratory

and biomedical applications.



1 Introduction

Microfluidics has gained significant advances ie thast few yeats, especially for
biological and medical applicatiohsOne of the critical challenges in a microfluidic
platform is the process for bio-particle selectitor,example by filtration, fractionation,
separation or sortid. Initial efforts were focused on the miniaturiatiof fluorescence
activated cell sorting (FACS) using microfluidicckmology™°, or other active energy
based switching approach&¥ However, these systems are highly complex and
resulting microfluidic platforms have been difficub integrate. Techniques based on
continuous fractionation by hydrodynamic interactare attractive alternativég* due

to their simple structure, robustness and potehtgt throughput, and because they are
well suited to integrate into more complex micrafla system®. Until recently the
maximum throughput has been in the range of 2,@08 per mii°. High throughput cell
fractionation was very recently demonstrated ugnegtial force in an oscillating curved
channef’. This approach originated from the tubular effiectircular channel observed
by Segre and Silberbéfgand theoretically explained and summarized byr lstedies;
e.g. Saffmaf’ and Matast al®®. With a flow rate of 1 mL/min and a throughputadfout

50 million cells per min fractionation was demoastd within a device area ef cnf.
However at high flow rates, due to a “hard” indrii@eraction and hence high shear
stress near the walls, there is a large risk @fsstng or even damaging sensitive cells
without sheath flow protectior. Therefore, we suggest that at high flow ratesaft™

handling of cells should be made using sheath fioatection.



Although efforts have gone into separation of maiianacells using microfluidicy’,

there have been few investigations of this apprdachmicroorganisms. None of the
current systems have been developed for sepamatioacteria from human cells. Due to
the current interest in investigation of microorigams living in association with humans;
i.e. the human gut microbiofie new tools are required for efficient separatidn o
bacterial cells from human cells. This is particlylgroblematic for biopsies, saliva, and
other samples that have large amounts of humareicuatids and proteins that can
dominate subsequent “omics” applications, such atagenomics or metaproteomics

analyses, respectively.

Separation of bacteria from human cells in smatiga volumes for omics applications
presents several challenges. First, the methodohlas rapid in order to prevent changes
in MRNA or protein expression profiles. High thrbpgt is thus required to separate the
cells within a short time frame. Secondly, the roethmust work for small sample
volumes with potentially low bacterial cell dens#i For example biopsies are usually
very small (approximately 3 minwith a relatively low number of bacteriae. 10°-10
cells/biopsy. And finally the method must be aldeseparate a heterogeneous bacterial
population, preferably in a viable state, from tehegeneous mixture of human epithelial
and blood cells. Methods currently available, sastluorescence activated cell sorting
(FACS) and others, are limited by speed, samplgidii, relatively large dead volumes

and equipment accéSs



In this study we aimed to study a soft inertialceiseparation based on size differences
for rapid and effective separation of bacterialscélom human blood cells. Red blood
cells are particularly challenging to separate frbacteria because their disk shape
results in a size close to that of bacteria in dimeension (2-3 pum) thus decreasing the
effective size difference between the two cell syp@ur hypothesis was that by using
simple channel geometry with the help of acting pratecting sheath flow, a curved and
focused sample flow segment would be formed to yceda soft inertial effect on the
particles. Inertial interactions inside the cunaew focused sample flow segment would
result in deflection of larger particlesg human cells) from the original streamline due
to a subsequent soft inertial force while the senghlarticlesi(e. bacteria) would remain
close to the original streamline. To test this @ptove designed delivery channels and
collectors to specifically collect the bacterialldeaction. We tested the design first by
using differently sized synthetic particles andafip with a mixture of human blood cells
and bacterial cells. Finally, sodium dodecyl si@dfpolyacrylamide gel electrophoresis

(SDS-PAGE) was used to demonstrate the removdbofitprotein from the bacteria.

2 Theoretical background and the design principle

Various physical phenomena are competing in miciit devices Dimensionless
numbers are often used to analyze these relatimhshair relative importance in various
conditions.

The Reynolds numbeRg) is defined as the ratio of inertial force to wse force:

_UDnp¢ _UDy,
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where U is the average velocity in the channalis the density of the fluidy is the
dynamic viscosity of the fluidDy, is the hydraulic diameter of the channel, define®,
=2WH/(W+H) with channel widtiW and heigh#H, andv=n /px, is the kinetic viscosity of
the fluid inside the channel. When a particle ispginded in the fluid, naturally, it is
influenced by the inertial and viscous forces fraime fluid. The particle Reynolds

number Re,) can be defined as:

2 2
Rep =Re 8.2 = Ua
D: Dy

(2)

wherea is the diameter of the particle. For analysis @smtransport in the fluid, the
particle behaviour can be observed through itse®eximber Re,), which describes the

ratio between the mass transport due to conveenardiffusion.
Pe,=—" )

whereD is the diffusion coefficient of the particle. Farsphere, it can be estimated by
D=kgT/37zna, with the Boltzmann constarkg, and absolute temperatufie,For a particle

in the accelerating flow its Stokes numbé&t) (is used to describe how quickly the
particle adjusts to the changes in the surroundimg, which is defined as the ratio

between the particle relaxation timg) o the characteristic times) of the flow as below:

2
a“ /18 2
S:T_r:pp H_ paty (4)
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where f=pplpr and p, is the particle density. A largé&t means that the particle has a
stronger preference to continue with its originaloeity direction instead of following

the fluid trajectory when the fluid is in accelengt motion.



In summary, the Reynolds numb&s)] is used to describe the inertial effect of flflav

in our application. The Peclet numbée) describes the mass transport contribution of
molecules or particles. The particle Reynolds nun{Be,) describes the inertial effect
on a particle from a fluid. And the Stokes numb8t) (s useful to study trajectory
mismatch between the particle and fluid, and the separation effect although they are

in the same flow conditiore.g. having the samBe.

2.1 Particle deflection

Reynolds number is often used to describe the #itate. Normally in microfluidics, due
to a smalRe, the inertial force can be ignored. HoweveRa&ancreases the inertial force
becomes apparent. For example, in some geometniigacations, such as a channel
with a sudden turn or expansion, due to the walriction the momentous loss induced
inertial force will produce an extra force (accaten) on the fluid and subsequently lead
to a secondary “Dean flow” inside the charin€onsidering the particles’ suspension in
the fluid, whenRe, is large enough the particles will have enough ewtenm to be able
to escape the flow trajectory when the flow experés a rapid change. Upon a rapid
change in momentum, that is wh&nis large enough, a mismatch between the fluid and
particles will appear. The subsequent force deflébe particles away from the fluid
streamline and finally the particles escape froeirtbriginal carrier fluid. With proper
design and fluid control, some kinds of particleflett from the original carrier fluid
while others do not. For example, differences ihawiour demonstrated by differently

sized particles can facilitate the separation 8§ dmsed on size.



Figure 1 illustrates an approach for continuoustiglar separation using the concept
described above. A sample flow carrying the paaticins a stronger acting flow and
they are introduced to a small channel at the sam® Due to the mismatching of the
velocity, the particle flow will be focused and a&rated near the entrance. To avoid the
direct interaction between the (bio)particle and thall and subsequent large impact
force on the (bio)particle, a very low flow rateesth flow is also adopted to space the
particle a bit out from the wall. Through this aswyetrical configuration, a curved and
focused sample flow segment surrounded by sheatlsfis formed for the particle flow.
In Fig. 1a, from point 1 to point 3, the fluid elent experiences momentum loss twice.
From point 1 to 2, the fluid element loses momentensity/pu;, and the direction is
towards the wall. From point 2 to 3, the fluid elamhloses momentum densiyu,, and
the direction is far away from the original flowisxThe second momentum loss is more
important since its introduced mismatch is notesdricted by the wall geometry as the
first loss. Further, the mismatch can be amplifred much broader acting flow.

Following Squires and Quakeand assuming the corner radRsand the turning time
~R/U, the fluid element momentum density loss leada tmrresponding inertial force

densityf;. It can be estimated by:

o du_A(pw),  U? 5
Ipdt_ - pR ()

Assuming a sphere with the diameteapthe inertial forcd= acting on the microsphere

can be calculated by:
F = pma®U /6R (6)
This force leads the particle to deflect from thigioal carrier fluid axis. The migration

will be balanced by Stokes drag,



F, =3zmau (7)

where Uy, is the particle migration velocity in the fluidrdm equation (6), where the
inertial force is proportional taa®, and equation (7), where the balance force is
proportional toa, a different behaviour with different size andalflily separation can be
expected. Further more, according to equationif(4),is the size ratio of the large to the
small particle, the size ratio proportionality $fis n’>. For example, in our application,
the size of a red blood cell is estimated to bepg¥Band the size for a bacterial cell to be
about 1-2 um. The size ratio is thus somewhere detv8 and 8. Assuming the same
density of the cells the ratio of theirSt is in the range of 9 to 64. Therefore,, an
amplified mismatch will increase the separatiothaf different cell types (Fig. 1b). With
proper controlled fluid conditions, the large pelgs (green symbols, Fig. 1Bg, is big
enough) are deflected away from the original cafte@v while the small particlesRe,
are small enough; follow the dashed line in Fig) 4bd are kept inside. This results in

fractionation of the two differently sized partislento two subgroups.

2.2 Device design

The device design includes (1) a curved and focsaeaple flow segment formation and
(2) particle collection. For the curved and focusadnple flow segment formation an
acting flow was selected, which has a higher flate rthan the particle carrier fluid.
Further, to obtain a turning effect the actingdlwas positioned vertically to the carrier

fluid and joined in a straight channel (major chahnThe flow rate of the acting fluid

" The densities of red blood cells aBdoli cells are only slightly different (red blood cell, 1.056-1.066
g/em?® and E. Coli 1.075-1.101 g/cm?®) as compared to their large differencesin size; thuswe consider it an
adequate approximation to ignore the influence from density differences for our calculations.



(Qa) was much higher than the sample flow r&@, (which was controlled by selecting
syringe sizes using the same syringe pump. Thagctiannel also served as a sheath
flow, which protected the direct interactions betwethe cells and the channel wall.
However, it could only protect one side. Thus, arosheath flow was adapted to protect
the opposite side. The influence of this new shéatthh was minimized by using a lower
flow rate Qp). In the experiments, the acting flow rate wastteres the sample flow rate

(Qs=10Q) and the protecting flow rate was 2/5 or 1/5 & Hample flow rate=2Q/5

or Qy=Q/5).

The device schematics are shown in Fig. 1c. Thraetsi including sample fluid,
protecting and acting sheath flow converge in tlegomchannel. The three collectors for
small particles, large particles and waste are ected to the major channel downstream.
Between the inlets and collectors, a control chhwaes designed, which is controlled
separately with an extra pump. To simplify the mhgnof cell separation a control channel,
placed between the inlets and collectors and cledravith an extra pump, was designed
to adapt and adjust to variations due to fabricat®y adding or subtracting fluid from
the major flow, the spreading inside the major clemvas shifted and finally the particle

delivery could be tuned to its desired collectbrs

3 Materials and methods

3.1 Materials and chemicals

For device fabrication, the silicone (polydimethiglsane, PDMS) Kit, Elastosil RT601A

and B, were purchased from Wacker Chemie (Muncksarmany). SU-8 2050 with
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developer was purchased from MicroChem, MA, USA dridch silicon wafers from

Wacker Chemie. Fluorescein disodium salt (LancaStarthesis, UK) was dissolved in
deionized (DI) water and the pH was adjusted tos Qewommended by the supplier.
Sodium chloride, Alsever's solution, and phosplmatiéered saline (PBS) buffer package
were supplied from Sigma-Aldrich, St Louis, MO, USA
Tris(hydroxymethylamino)methane (TRIS), and 2-(4rptmlino)ethanesulfonic acid
(MES), and for surface treatment hydroxypropyldee (HPC; 100 000 MW), were all
purchased from Alfa Aesar, Karlsruhe, Germany.p8uosions of polystyrene latex
microbeads with diameters of 1.0 um (red fluoregcemd 1.9 or 9.9 um (green
fluorescent) were obtained from Duke ScientificloPAlto, CA, USA. For patrticle

separation, the microbead stocks were dilutedrithe DI water and 0.5% (v/v) Tween
20 (Alfa Aesar) was added to the suspensions tease their stability and to help
prevent clumping. Finally the particle suspensiovere homogenized gently in an

ultrasonic waterbath.

3.2 Device fabrication and fluidic control
The device was fabricated using standard softditaphy on PDMS and was bonded to

the glass slide using plasma treatmrifo prevent cell adherence, the channel system
was filled with 1.5% HPC dissolved in MES/TRIS harff(80 mM/40 mM) after the
plasma treatment. The device was then kept in sedl@ontainer with a high humidity
environment in a refrigerator at 4°C overnight. defcell separation, the device was
flushed with sterile PBS buffét For the experiments, three gastight syringes (iam
Bonaduz, Switzerland) were filled with the fluidsa(nple and sheaths) and placed on an

infusion syringe pump (PHD2000, Harvard apparaBeston, MA, USA). The tuning
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flow was primed by a Univentor syringe pump (Unit@n864, Univentor, Malta). To
maintain iso-electro-osmotic conditions, PBS wasdus$or all fluids except sample
solutions. The device was monitored by a CCD canimot RL Mono, Diagnostic
Instruments, MI, USA) attached on an inverted fesment microscope (Nikon TE2000-U,

Tokyo, Japan).

3.3 Data acquisition and analysis

For tuning the separation, the microscope was o¢g@ran phase contrast mode to
optimize cell contrast. For fluorescent particlepaation and fluorescent dye
visualization, a blue-green fluorescent attachngiliiton B-2A, Excitation 450-490 nm,
Emission 520 nm) was used while for the non-flucees particles phase contrast mode
was used. In both cases, a 20x objective (NA Owa3 used for observation. The
particles’ trajectories were recorded by the CCinea for later study. After recording
the images into a computer, the concentration lpfivere evaluated using a self-
developed program written in MATLAB (2007b, MathWer Natick, MA, USA) as
described previous!. Subsequently, a path with the known position s&ritie channel
was evaluated. The position across the channehwasalized against the channel width,
while the measured pixel intensity was normalizgdist the maximum and minimum
intensities in the place where the fluids met. Theresponding width or distance was
measured using the obtained profile. The fluoreseadth near the entrancev( was
measured as the distance from the maximum to th#iggo where the intensity becomes
half (in acting flow). The reason for this distiimst was that the protecting sheath was
very thin and close to the channel, which madeiffiicdlt to measure the wall or half

intensity of the fluorescent dye. For the measurgroéthe small particle dispersion, the
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distance was measured from the position wherentansity became half in protecting

sheath flow to the position where the intensitydme half in acting flow.

3.4 Cell preparation and protein determination

Human blood was collected with a vacutainer tubB,(Branklin Lakes, NJ, USA) from
a healthy volunteer and kept in Alsever's solutma ratio of 1:1 at 4°C. The above
blood solution £2.5x1@ red blood cells and 5x¥@vhite blood cells per pL) was then
diluted with a culturedt. coli suspension (7.2 log colony forming units (cfu) psr) at a
ratio of 1:5 or 1:10 (v:v). The blood cell countene determined by direct microscopic

counting in a Burker cell counting chamber (Fis&etentific, Pittsburgh, PA, USA).

To demonstrate the removal of blood proteins frauotéria, SDS page protein gels were
run on samples taken before and after separatioefl\8 the cell suspensions were
centrifuged at 13,000 g for 5 min and the supemataas removed. Cell pellets were
suspended in 25 pL of phosphate buffered salineS{Rid diluted in protein loading

buffer (1:1) heated at 99°C for 6 min. then loadedan 8-25% PhastGel, run on a
PhastSystem Separation unit (GE Healthcare BiorSe®). Coomassie blue (Pierce,
Rockford, IL) was used to stain all proteins septaon the gel. The protein banding
patterns of cell mixtures were compared to thosblodéd and pure bacterial cultures

prior to the separation process.

4 Results and discussion

4.1 Fluorescent visualization
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Fluorescent dye was used for visualization of fifleav in the microfluidics device. One
of the curved and focused sample flow segment$iasvs in the left panel of Fig. la.
From our observation, the exact curvature of thepda flow varied with increasing
Reynolds numbe(Re). The higher thdre, the stronger the influence of the acting flow
on the sample flow shape. Although it is not easgdscribe this influence quantitatively,
we found there was a significant change in the vt sample fluid in the entrance of
the major channel. We measured the fluorescenthwidt from a group of images taken
with the same exposure and flow ralRe), Fig. 2a. Thewv decreased slightly at first and
then it increased rapidly along with the increasiRg Normally, the dye diffusion
coefficient is constant with the same concentratitihough we do not know the exact
value. ThusRe is proportional to the Peclet numk@e) and at lowRe, Pe is small and
the diffusion is dominant. This diffusion naturallgakes a slightly wider fluorescent
width. With the largeiPe, the advection becomes more dominant. Althougfusidn is
still proceeding, the time decreases due to inetaslocity of the fluid in the observed
space resulting in a thinner fluorescent width. Wihe increasindre, the inertial force
eventually became strong enough to affect the dflyparticle behaviour. A strong
expansion appeared for the fluid awdbecame larger with the increased flow rate, as

shown in Fig. 2a.

4.2 Particle observation

To observe the particle behaviour inside the dedce (green) and 1.0 (red) um particles
serving as large and small particles, respectivelyte used to study the deflection of

differently sized particles with the increasingviloate inside the device. To maintain
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consistency of the results, the flow rate ratiotltd three fluids was kept constant as
Q-=10Q and Q,=2Q/5 in all experiments with particles. To determitiee extent of
deflection of the large particles we measured tbigedtion distanced) relative to the
total channel width from the wall nearest the pcotg sheath with increasing flow rate
(Re), Fig. 2b. From the figure we can observe a cemidreasing curve with increasing
Reynolds number of the large particlé&e&)*. Observing fronRey in the tested range,
the larger particle behaviour is dominated by wmaéforce. For a clear separation of small
particles the main concern is the extent of digparsvithout being mixed with large
particles. Thus, we measured the dispersion dist@cfor small particles relative to the
total channel width, along the flow rate (i.e. #mall particles’ Peclet numb@eg,s), Fig.
2c. Interestingly, the curve showed the same tesnith Fig. 2a. Finally, the peak distance
(dy) relative to the total channel width was measwaietg Re,, Fig. 2c. As expected, a

clear increasing trend was observed with increaRigg

By observing the behaviour of the two kinds of udes as the flow rate increased, three
stages were found (Figs. 2b and 2c). First, théigardeflection and dispersion were

small. Then, the particle deflection and dispersiooreased. Finally, the increase
changed, being either slower or faster. Our apjitinas limited at the highest flow rate

since the particles will be restricted by the crdngeometry. For small particles the
dispersion could be explained by using the sameudson as above for the increasing
fluorescent dye width. When the flow rates) is small, the diffusion is dominant. Later,

with Peys increasing, the advection is dominant. And finatlye inertial force induced

i WhenRe, is 4.86 Q=25pl/min), two peaks representing large partieljgsear, refer to Fig. 2e. Here, the
larger one was used.
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secondary flow is strong enough, which leads tigrificant vertical dispersion along the
major flow. A large particle, at the sarRe, has a higher particle Reynolds numbe;,
equation (2). Thus, the diffusion is not dominavereat the first stage for large particles.
However, we observed that at first the large plesiexperienced a rapid increas of
deflection as they moved into the inertial forcemiltant stage. Within this stage the
deflection is first slowly increased and then magidly with increasedRe,. Finally the

increase of deflection is slowed down.

By comparing Figures 2b and 2c, we found that eémtigde Reynolds number determined
the particle behaviour. For the transaction fronffudion dominant to convection

dominant, the critical Reynold number for partic(Bs,) was approximately 0.002 while

for the transition from convection dominant to ter dominant, the criticaRe, was

between 0.04 - 0.05.

Figure 2d shows the peak distance relative chawrdth along theRe,. Because the
large particle deflection is far larger than thatle small one's, the curve trend is very
similar to that of deflection of the larger paréiclThe results indicate that a higlfits, is
good for particle separation. However, they do pratvide any hints about the potential
risk for particles overlapping, which would resumtmixing of the two kinds of particles
at the interface. To study this issue, we studmintensity of the fluorescent images at
various flow rates. Figure 2e shows the normalidledrescence intensity along the
channel width. At a low flow rate, the particlesrei®verlapping. With increasing flow

rate, the overlap became smaller. The overlap peaed at a moderate flow rate due to
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stronger inertial interactions of the larger paesc Finally it returned back at higher flow
rates since the stronger inertial interaction o&kmarticles leads to very fast dispersal,
which obscures the interface between large pastiatel small ones. Further, we plotted
the ratio (/dy) of the large particles’ deflection to small pelegs’ dispersal distance
along the larger particle Reynolds numbBe{). A clear separation was obtained at a

high ratio wherRe, was between 2 and 4, Fig. 2f.

4.3 Separation of bacteria from human blood cells

Due to the larger variation of bacterial and humah sizes, as compared to that of the
standard synthetic particles we used in the iniialls, the cell separation procedure
required further modification. To assure clear sapan of bacteria from red blood cells,
we applied a control channel. This resulted in thelbeuning of the separation of bacteria
at a high sample flow rate, resulting in good sapan at higher cell concentrations than
previously reportett?® The major contribution to separation in our devigas deflection
of larger cells. Thus, our bacterial cell separatwwas not as sensitive to cell-cell

interactions as it would have been if using rotaticduced migrational separatfGri®?’

Figure 3 shows one example of the cell counts befod after separation at a sample
flow rate of 15 pL/min with 10x dilution of a mixeekd blood cell and bacterial cell
sample. Using a Birker cell counting chamber, wensd the relative fraction ratio of
the cells before and after separation. The Burkamber has a constant depth of 100 um,
and known grid size, e.g. the smallest distance/dxen the two lines in Fig. 3 is 25 pm.

Therefore, the cell number concentration (humbduime) can be obtained by manually
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counting under a microscope. In our experimemiais used to obtain the information on
cell fractionations and their ratios before ancerateparation. Figure 3 (a) showed the
sample cells before separation. Some of the asdkdd brighter than others (both blood
cells andE. coli cells), presumably due to differences in theirblpgical status. After
separation, only a few of the red blood cells camdfound in theE. coli cell fraction
while there were some moEe coli in the fractions of the red blood cells and vesw f
cells in the waste, Fig. (b)-(d). In this examglee purity (the ratio between the number
of recovered target cells to the total number obwered cells) of bacteria was 99.87% at
a high throughput of 57,400 cells per second arnti wiseparation recovery of 62%.
Further using the same sample, the cell separatwens carried out at sample flow rates
between 2 and 18 pL/min. Cell counts indicated thatE. coli cells were enriched at

least 300 times. The results are summarized ineTabl

Due to the relatively small size of red blood cell®e same particle Reynolds number
will be reached by them at a higher flow rate tk@mmost other human cell types. With
a flow rate of 18 pL/min we still achieved good aegtion of the different cell types,
which is higher than most of the previously reportell separation rat€s The average
velocity in the channel was about 1.6 m/s, whicls wat damaging to the bacteria as
indicated by their ability to grow on culture meniwafter separation. At this flow rate,
7.07 log cfu ofE. coli were recovered in the small particle fraction afieparation from
the original sample containing 7.24 log cfu, and total cell survivability was greater

than 95 %.
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The protein banding pattern (Fig. 4) from the d#éf& cell fractions (cells from Fig. 3)

demonstrates removal of blood cell proteins to sactiegree that no contribution of
proteins from blood cells were visible, thus denaigg that the method resulted in
efficient separation of bacteria from human reddleells. As shown in Fig. 3, some of
the E. coli cells were lost in the red blood cell fraction amaste. Similarly, the protein

bands representative of the bacterial cells weea se the banding pattern from the red
blood cell fraction (Fig. 4 E), albeit at a lowegrsal intensity compared to that from the
pure bacterial culture or the separakedoli cell fraction (Fig. 4, A and D). Even so, it
does not affect our major target to study the pmobe®m bacteria; since the originally

dominating human proteins were efficiently removiesin the bacteria. This method
makes it possible for further investigation of timécroorganisms living in association

with humans in molecular level.

For this separation method, one issue that neels tmnsidered before separation is that
one has to decide whether to prioritize purity loé tacterial fraction, the number of
bacteria collected (throughput), or the percente#d®acteria that are collected (recovery).
Therefore, achieving higher bacterial cell recovewyld be at the cost of increasing cross

contamination and/or decreasing throughput.

5 Conclusions

The use of soft inertial force is proposed for ghhthroughput separation of bacterial
cells from human red blood cells based on sizesigfices. Our results indicate that the

curved and focused sample flow segment plays a wepgrtant role in the separation
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process and that the particle Reynolds numbercistiaal parameter for cell separation.
Fabricated in polymer, the device shows promisea aost-effective way to provide
highly enriched viable bacterial cells from humamolol with simple operation and robust

performance.
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Fig. 1 The concept of soft inertial separation and schies)af device design: (a) the

schematics of the formation of the curved and fedusample flow segment and particle
momentous loss induced inertial force on fluid edam(the top-left corner shows an
example of fluorescent visualized curved and fodussemple flow segment in the device);
(b) the schematics of the particle separation & dbvice. The right corner shows an
example of the larger particles (brilliant whitene®i near the center) deflecting from the
ordinal sample flow (darker bright curve near tbp)tat the expanded outlet and (c) the

schematics of the device design.
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Fig. 2 The particle separation at various flow rates:tl&) relative sample widtiwf at

various Re; (b) the relative (large) particle deflection diste (k) from the wall at
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various Rey; (€) the relative (small) particle dispersiody)( at variousRe,s, (d) the
relative peak distanceld) between the larger and smaller particles at uaifte,; (e) the
fluorescent intensity profile of particle trajeaes at various flow rateQ) and (f) the
ratio (s / dg) of large particle's deflection to small partislédispersal distance along the

larger particle Reynolds numbdRd).
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Fig. 3 Images of cells obtained by microscopy in a Buda counting chamber: (a) the
original sample diluted 10 times (the larger calis red blood cells and the smaller cells
areE. coli); (b) collected and separatédcoli cells after separation; (c) collected blood

cells after separation and (d) the cells at theevesllector. The unit of the scale is in um.
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Fig. 4 Protein blot stained with Coomasie blue of: () coli; (B) blood cells; (C)
original sample of combined blood arkfl coli cells; (D) collectedE. coli and (E)

collected blood cells after separation (The blotGnd E are from the same output as

in Fig 3 (a), (b) and (c), respectively).
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Table 1 Performance of separation of bacterial cellsfrom blood cells

Flow rate (uL/min)

Purity (%)

Throughput (cells/s

2 5 10 15 18
99.88 99.78 99.86 99.87 99.71
7653 19133 38267 57400 6888
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